In this study, the spatial patterns and their interannual variability of wintertime low-level winds over the Indochina Peninsula (IDP) were studied by using the analysis of the empirical orthogonal function for complex numbers. The leading mode accounts for 46.6% of the total variance. The composite and regressed patterns of wind components show dominant northeasterly wind over the IDP, which are related to the East Asia winter monsoon (EAWM) circulation and connected to the cyclonic circulation near Borneo. The correlations between the EAWM indices and the leading principal component (PC) suggest the plausible connections between the low-level wind over the IDP and EAWM predominantly via the wind circulation. We also performed correlation analysis on the relationship between leading mode and sea surface temperature anomalies (SSTAs). The result indicates that there is a linkage between the northeasterly wind over the IDP and EAWM and with SSTAs in the Pacific Ocean. This study provides useful information and a mechanism related to the monsoon variability over the IDP.
Introduction
The Indochina Peninsula (IDP) is a geographically unique entity situated between the Indian subcontinent and East Asia, where two contrasting Asian monsoon systems exhibit distinct characteristics [1] [2] [3] . During the boreal winter, the climate condition over the IDP is dominated by the meridional circulation associated with the intensified Siberian high (SH) [4] . It is generally characterized by ascending warm air over the Indonesian maritime continent and descending cold continent air over China, resulting in two major branches of low-level wind fields blowing toward the subtropical western Pacific and South China Sea [5] . A succession of northeasterly surges with outbursts of SH is one of the most conspicuous features of the East Asian winter monsoon (EAWM) [6] . The active EAWM exerts a strong impact on the extratropical and tropical planetary-scale circulations and influences the convection over the tropical western Pacific [6] , and its variability is linked to the forcing from sea surface temperature anomalies in the tropical Pacific Ocean [3, 6, 7] . Although the Pacific Ocean is absolutely crucial, the Indian Ocean is also important for the Asian monsoon variability [8] . Available evidence has indicated that the variability of EAWM exerts social-economic impacts on many Asian countries [4] [5] [6] . Hence, a better understanding of EAWM variability is still a great scientific challenge and concern.
The variability of EAWM and its strength can be characterized by wind behavior at many levels [5, 6, [9] [10] [11] . These winds have been used to construct the indices, such as wind at 10 m [5] and wind at 1,000 hPa [6, 10] . Many indices derived from low-level wind have been introduced to reveal the intensity of the EAWM [12] . In general, 850 hPa wind circulation is less influenced by surface roughness than the wind at the 10 m and 1,000 hPa levels. Furthermore, upper-level wind, sea level pressure (SLP) and trough behavior can be used to characterize the monsoon strength as an index representing different aspects of the EAWM [12] . For example, the index derived from zonal wind at the 300 hPa level represents the association between the East Asian jet stream and EAWM variation [12] . To further extend our current understanding, the relationship between EAWM indices and winter monsoon over the IDP is of great interest, because the IDP is a tropical regional scale that has different climate features from the larger scale. Furthermore, this is also due to the fact that the winter monsoon variability over the IDP has less studies than its summer counterpart [2, 11, [13] [14] [15] [16] . These are importance for the IDP countries and their neighbors.
It is widely accepted that sea surface temperature (SST) variability in the equatorial Pacific Ocean plays an important role in atmospheric processes and climate variability. Many previous studies have shown that SST variability associated with El Niño-Southern Oscillation (ENSO) events strongly affects the EAWM [7, [17] [18] [19] [20] , and the SST in the Indian Ocean is important [8] . Thus, there is a possibility to have some roles of the SST variability playing on the winter monsoon over the IDP.
In this study, we analyzed the monthly gridded data using an analysis of the empirical orthogonal function for complex numbers to reveal spatio-temporal structures of wintertime winds over the IDP and to disclose any possible connections to the EAWM. The relationships between the SST and wintertime low-level wind, representing winter monsoon, and its impact on precipitation are further illustrated. These analyses aim at providing empirical evidence in support of a better understanding of winter monsoon over the IDP, demonstrating some connections to the EAWM and its association with SST variation.
Data and Analytical Methods
The monthly gridded data of the Japanese 25-year reanalysis dataset (JRA-25) with 1.25° × 1.25° horizontal resolution [21] during the boreal winter months (December-January-February) covering the period of 1979-2010 were used for this study. The wind data at 850 hPa were extracted for the IDP region (5°-30°N, 90°-110°E) to analyze the dominant spatio-temporal modes by the empirical orthogonal function (EOF) method. Because winds have magnitude and direction, the vector analysis is more suitable than the traditional scalar analysis to keep the meaning of the wind. Some previous studies used EOF to analyze wind components by forming the complex numbers [22] [23] [24] . The wind vector is in complex exponential form and is defined by the direction measuring from East to North and the magnitude of the vector as the wind speed [22] . Furthermore, the wind vector in complex rectangular form consists of the zonal and meridional wind components, represented by the real and imaginary parts, respectively, and can be used for the analysis, as well [23] . In this study, the wind components at 850 hPa were used to form a complex number in a rectangular form with respect to the zonal and meridional axes. A matrix ( S ) of dimension N M × consists of complex number elements ( km e ) formed as follows:
where , u′ , v′ 1,..., , k N = and 1,..., m M = denote for zonal wind anomaly, meridional wind anomaly, the location and time of the data, respectively. To analyze a matrix of complex number elements by EOF, a symmetric composition of complex numbers, except for diagonal elements, named the Hermitian matrix ( H ), is required. There are important properties of H , which are as follows: (1) eigenvalues are real; (2) eigenvectors corresponding to the distinct eigenvalues meet orthogonally; and (3) it is unitarily diagonalizable. The matrix used to form a Hermitian matrix for the analysis presents as:
The km c is unique and in complex number form (hereafter referred to as the principal component (PC)). Nevertheless, there is an arbitrary phase factor ( k θ ) associated with the k-th eigenvector; the set of vectors is ê xp( ) k k iθ E . We take this into account by choosing k θ when the mean value of the argument is nearly zero to orient the corresponding eigenvector and PC [22] . Thus, the real component variation represents variation in magnitudes of corresponding eigenvector elements, whereas the imaginary part that is perpendicular to the vector indicates the strength of the vector rotation in a counterclockwise direction [23] . The EOF analysis for complex numbers dealing with two components, which is suitable to present co-varying spatial patterns [25] , was performed. It differs from the EOF analysis for complex numbers dealing with one variable to capture propagating patterns and differs from the complex Hilbert EOF analysis (sometimes, it is referred to as the complex EOF analysis) related to the frequency domain [25] . Since the EAWM is the prominent climate feature during the winter season, it is important to reveal the relationship between the winter monsoon over the IDP and the EAWM. The leading PC of the wintertime low-level winds over the IDP given by EOF analysis of complex numbers was then used to present the variability of the winter monsoon over the IDP. Any relationships of them were explored based on correlation analysis between the leading PC and the EAWM indices derived from wind fields and SLP. Eight EAWM indices were calculated based on the JRA-25 data for the boreal winter period ( Table 1) . The regression technique [26] was utilized to separate the signal into two parts, which are the low-level wind variability over the IDP related to the feature of interest and the unrelated part.
Finally, the SST data obtained from the Hadley Centre sea ice and sea surface temperature dataset (HadISST) with 1° × 1° resolution [27] and the monthly gridded data of precipitation from the University of Delaware (UDel) with 0.5° × 0.5° horizontal resolution [28] from the National Oceanic and Atmospheric Administration/Office of Oceanic and Atmospheric Research/Earth System Research Laboratory (NOAA/OAR/ESRL) were used for analyses of its relation to SST variability and its impacts on precipitation, respectively. 
Wintertime Low-Level Wind over the IDP
This section aims at presenting and discussing the spatio-temporal variability of wintertime low-level wind over the IDP and exploring any relations to EAWM.
Spatio-Temporal Variability of Wintertime Low-Level Wind
According to a branch of EAWM that can penetrate into the tropical region [5] and that can influence the wind over the IDP region, we present the possible connection of the wind over the IDP to the EAWM. First of all, the climatic low-level wind pattern over the IDP presents the dominant winds blowing from the east to the west, and they split into two branches that turn northward and move forward around 15°N (Figure 1a) . The result of EOF analysis shows the first mode of wintertime low-level wind anomalies over the IDP accounting for 46.6% of the total variance. The spatial pattern shown in Figure 1b is quite similar to the climatic pattern, because it contributes most of the variance. The corresponding PC time series, which consists of real and imaginary parts (hereafter referred to as primary and secondary components (PCpri and PCsec, respectively)) are shown in Figure 1c The correlation coefficient between PC1pri and PC1sec is 0.75 with a 0.01 significance level. It indicates that the signal variations of them are in-phase, meaning that variations of two wind components are in-phase to each other. Their being in phase suggests the change of the wind vector amplitude in the counterclockwise direction, which is perpendicular to the vectors given by the leading mode related to the change of amplitude in the parallel direction. Thus, the spatial wind patterns were further constructed by regressions of zonal and meridional wind anomalies on PC1pri and PC1sec (PC1s). Both patterns show a strong in-phase pattern of wind, which is a northeasterly wind over the IDP and the South China Sea (SCS) (Figure 2a,b) , which agrees with the in-phase variations of PC1s. The increases in the positive direction of both PC1s indicate the enhancement of the northeasterly wind over the IDP, and vice versa for the negative direction. This analysis provides additional evidence supporting the variations of PC1s related significantly to the change of northeasterly wind over the IDP and the SCS.
The variations of PC1s were categorized into strong and weak phases when the PC values are greater and less than 1SD and −1SD, respectively. The composite spatial patterns of anomalous wind and sea level pressure (SLP) for the strong and weak phases are shown in Figure 2c -f, which indicate strengthening northeasterly wind during the strong phase of PC1s and weakening northeasterly wind during the weak phase. During the strong (weak) events, there is an increasing (decreasing) of anomalous SLP over the mainland and a decreasing (increasing) of anomalous SLP over the maritime continent and the SCS (Figure 2c,d ). The patterns show the contrast of anomalous SLP between the mainland over higher latitude areas and the ocean, which indicates the thermal contrast between both areas. This is a reason for the changing of the northeasterly wind strength over the IDP. The patterns also represent northeasterly wind over the IDP, and the winds blow quite parallel to the isobars that resulted from the pressure gradient, the Coriolis force and centrifugal forces, whereas the Coriolis force becomes zero at the Equator. It is also evident that the variations in the northeasterly wind are linked to the cyclonic circulation, related to the centrifugal force, near Borneo. The cyclonic circulation presents the anomalous low pressure over the maritime continent (Figure 2c,d ). For the PC1sec, it presents the larger anomalous low pressure near Borneo than that of the PC1pri. This implies the change of wind amplitude in the counterclockwise direction, which is perpendicular to the vectors given by the first EOF, which is more associated with the larger anomalous low pressure and cyclonic circulation than the change of wind amplitude in the parallel direction. These results agree with a previous study [5] , indicating that an anomalous cyclonic circulation appears around the Philippines during the strong phase of EAWM, and other studies [32, 33] , showing that northeasterly wind may interact with a synoptic scale feature, known as the Borneo vortex, located over northern Borneo.
The northeasterly wind governs over the IDP, which is the small regional wind compared to the area governed by the EAWM that covers East Asia and neighboring regions. It is important to present the large-scale circulation and factors that related to the variability of the northeasterly wind over the IDP. During the winter season in East Asia, the pressure over Siberia and northern China becomes higher (lower) in strong (weaker) EAWM phases [5] , which is quite similar to the patterns of the composite SLP difference given by PC1s, as shown in Figure 3 .
There is strong positive anomalous SLP over the areas around the Siberian high and the Aleutian low, and the strong negative anomalous SLP presents over the maritime continent in the tropical region. This indicates that the strong SLP gradient between north and south is important for the wind variability over IDP [8] . This reveals that the two poles of the positive anomalous SLP over Siberia and the eastern North Pacific Ocean play an important role in driving the winds from mid-latitude, passing through the lower anomalous SLP area in the west Pacific Ocean to the IDP region. In addition, the strong negative anomalous SLP associated with the cyclonic circulation over the maritime continent plays a role in inducing the winds from the mid-latitude and winds over the equatorial area that result in the strengthening of the northeasterly wind over the IDP. It is noteworthy that the anomalous SLP over the eastern North Pacific Ocean is not significant, and the factor related to the evidence of the non-significant area will be pointed out later. These results reveal the linkage of the northeasterly wind governing a small area, such as the IDP, to the large-scale circulation, which agrees with the EAWM characteristic [3, 5] . To give more explanation showing some relationship between the northeasterly low-level wind governing over the IDP and the EAWM, we will show evidence in a further analysis examining the relationship with the EAWM. Spatial patterns of composite differences between strong and weak phases of (a) PCpri and (b) PC1sec. The vector and contour line are the differences of wind (meters per second) and sea level pressure (hectopascals), respectively, and the shading contour is the 0.05 significance level.
The Relation of Wintertime Low-Level Wind Variability over the IDP to EAWM Indices
Basically, the EAWM has been quantitatively characterized by changes in wind circulation and the SLP gradient. To measure its intensity and the variability of the EAWM, therefore, indices derived based on many aspects of these atmospheric variables were introduced. The indices can be divided into four different categories [12] . The first category is the EAWM intensity represented by low-level wind that flows along the East Asia coasts. It does not influence only East Asia, but it also affects the tropical region. The indices of this category are the best among other categories that show a good correlation with ENSO [12] . The second category is the indices derived from the pressure gradient that resulted from the difference between SH and Aleutian low (AL) influences [12] . The relation between the first and the second category indices are highly correlated, in particular the correlation between indices derived from wind at 10 m and SLP [34] . The third category is the indices related to upper level wind over East Asia, which captures the upper tropospheric East Asian jet stream. The last group of indices related to the East Asian trough shows high correlation with the index derived from the upper level wind [34] and is well correlated to the Arctic Oscillation (AO) [12] that influences the trough at 500 hPa rather than that of SH [30] .
Since the IDP is located in the tropics and far from the Arctic region, the indices derived from low-level winds, SLP and upper-level winds were selected. Although the PC1s were derived from the low-level wind analysis, the upper-level wind index was selected, because there are vertical circulation cells in which the low-level winds link to the upper-level winds. Those indices are the low-level wind indices, I Ji , I Lu , I Chen , and I Liu-L and I Liu-M , introduced in previous studies [5, 6, 9, 10] , respectively. Next are the indices derived from SLP, named I Xu [29] and I Wu [30] , respectively, and finally, the index derived from the upper level wind is named as I Jhun [31] . These were used to investigate the connection between wintertime low-level wind over IDP and the EAWM.
The indices were calculated for the study period following the original procedures using the JRA-25 dataset. The correlation coefficients between PC1s and the EAWM indices are shown in Table 2 . Note that the indices derived from meridional wind are presented in the opposite sign of the original indices, because the negative values denote the meridional wind blowing southward, which is consistent with the spatial patterns of wintertime low-level wind over the IDP. The correlations of PC1s to the EAWM indices are mostly statistically significant at the 95% confidence level. Further examination reveals that the indices derived from meridional winds mostly show a stronger association than do others. It is suggested that the northeasterly wind (as shown in Figure 2 ) influences the wintertime wind variability of the IDP and has a connection with the EAWM. The index concerning the mid-high latitude (I Liu-M ) has less correlation with PC1s than the indices concerning low latitude areas (I Chen , I Liu-L , I Lu , and I Ji ). This agrees with the different features of EAWM between mid-high and low latitudes [35] , because anomalous northeasterly wind is significantly reflected by the index derived from low latitude wind (I Liu-L ), rather than the index derived from mid-high latitude wind [10] . For the upper wind, some correlations with the I Jhun index have been shown. However, the correlation coefficient is not strong, compared to low-level wind at low latitude, and it is in a range between the I Xu and I Wu correlations that were derived by the SLP gradient over the mid-latitude. The reason for this is that the I Jhun had a good relationship with the SH and AL [31] .
Among correlations of PC1s with the indices, it was found that the correlation coefficient of PC1s to the I Lu index is highest. Therefore, the I Lu index is the best index to explain the wintertime wind variability over the IDP. Nevertheless, PC1sec shows a little higher significant correlation to EAWM indices than that of PC1pri (Table 2) . To represent a connection of wintertime northeasterly wind over the IDP to EAWM, PC1sec is a little better than PC1pri and has a better connection to EAWM over the low-latitude, rather than the mid-high latitude. According to the difference in EAWM index definitions, the spatial patterns of each EAWM index are shown in Figure 4 . The spatial patterns of the EAWM indices were derived from low-level wind, except I Liu-M (Figure 4a,c-e) , presenting the features of strong EAWM, which are high pressure in the East Asian continent and low pressure in the adjacent ocean and deep East Asian trough [5] , whereas high pressure presents over the eastern North Pacific Ocean (not significant, as before). For the I Liu-M index, there is a change in the westward direction of the high anomalous pressure present over the eastern North Pacific Ocean.
Moreover, the patterns show the low anomalous SLP and cyclonic circulation over the maritime continent in the tropical area and the western North Pacific Ocean, which agree with the associated features of EAWM [5] . It should be noted that the low anomalous SLP and cyclonic circulation in the western North Pacific Ocean does not obviously present in the patterns given by the PC1s (Figure 3) . These indicate that the low anomalous SLP and cyclonic circulation in the western North Pacific Ocean play more important roles in the EAWM variability than the northeasterly wind variability over the IDP.
On the other hand, the composite patterns of the I Xu , I Wu and I Jhun indices show the contrast of SLP between the mainland and ocean, which indicates the definition of EAWM based on the thermal gradient (Figure 4g,h) . They also present the absence of the high anomalous SLP over the eastern North Pacific Ocean, and their correlation coefficient values are smaller than those of the low-level wind EAWM indices. These mean that the high anomalous SLP over the eastern North Pacific Ocean located in the mid latitude is essential to drive the northeasterly wind over the IDP. Moreover, all patterns ( Figures 3 and 4) show the high anomalous SLP over the mainland, which indicates the SH forcing is the major active climate feature influencing the EAWM [30] and the northeasterly wind over the IDP.
Nevertheless, the correlation analyses show that there is less influence of thermal contrast forcing between land and ocean than the influence of the western North Pacific low and the eastern North Pacific high, which affects the variability of northeasterly wind over the IDP. We separate the northeasterly wind variability over the IDP into two parts, using the regression technique that was used to separate the signal into the related part and the unrelated part with respect to the feature of interest [26] . The thermal contrast between the mainland and the ocean in the mid-latitude represented by the I Xu index was considered as the feature of interest of the EAWM. The related parts of PC1s with respect to the I Xu index were calculated by a linear regression of the PC1s; hereafter, both the I Xu -related parts of the PC1s are referred to as PC1pri-I Xu and PC1sec-I Xu . The I Xu -unrelated parts (PC1pri-res and PC1sec-res) were computed as the difference between the PC index and the I Xu -related part.
The PC1pri-I Xu and PC1pri-res explain 21% and 79% of the total variance, and the PC1sec-I Xu and PC1sec-res explain 19% and 81%, respectively. These suggest that the variability of the northeasterly wind over the IDP is less influenced by the thermal contrast forcing between the mainland and the North Pacific Ocean than the forcing of the unrelated part. The composite difference patterns of PC1s-I Xu (Figure 5a,c) show the difference of pressure between the mainland and the North Pacific Ocean. These results show anomalous SLP and the cyclonic circulation over western North Pacific Ocean, which indicates the strong (weak) PC1s-I Xu associated with cyclonic (anti-cyclonic) circulation over the western North Pacific Ocean. This agrees with the weak EAWM, which tends to induce the anomalous western North Pacific anticyclone, and vice versa for the strong EAWM [26] . The patterns of PC1s-I Xu also present a branch of wind splitting at the south of Japan blowing along the coastline, which strengthens the northeasterly wind over the IDP. On the other hand, the patterns of PC1s-res (Figure 5b,d ) present strong anomalous high pressure over the eastern North Pacific Ocean and Siberia and anomalous low pressure over the maritime continent, which agrees with the features of northeasterly wind variability over the IDP (Figure 3) . The unrelated patterns present a branch of the EAWM blowing along the coastline, which are caused by the anomalous high pressures over Siberia and the eastern North Pacific Ocean, driving winds to the anomalous low pressure over the maritime continent. The I Xu -unrelated parts of the PC1pri (Figure 5b) shows the significant anomalous SLP over the eastern North Pacific Ocean acting as forcing, driving the wind in the zonal direction, whereas the I Xu -unrelated parts of the PC1sec shows the significant anomalous SLP over the maritime continent as a forcing to induce the wind from mid-latitude to the IDP. It was noted that the significant anomalous SLP over the eastern North Pacific Ocean is absent in Figure 3 . From these (Figure 5 ), the cause is the influence of the thermal contrast between the mainland and the ocean, defined by I Xu . The northeasterly wind that is connected to a branch of the EAWM is influenced by the SLP forcing over the mainland, the eastern North Pacific Ocean and the maritime continent, but the anomalous low SLP and cyclonic circulation over the western North Pacific Ocean do not play a more important role in the northeasterly wind over the IDP. The results reveal the connection of the northeasterly wind over the IDP to the EAWM via a branch of the EAWM that blows along the coast of China and the influences of large-scale forcing that affect the low-level wind variability over the smaller region, which is the IDP. The EAWM variability indices defined by the thermal contrast between the East Asian and the adjacent ocean do not describe the variability over the IDP well.
The PC1s-SST Relationship
A possible cause of a higher correlation between PC1s and low latitude EAWM wind indices rather than the others of mid-high latitudes, is the modulation with other active climate features, such as ENSO. This plays a role in the maritime continent during the winter monsoon [36] . The ENSO is an important phenomena revealed by SST variability in the equatorial Pacific Ocean. Many studies indicate that there is an association between EAWM and ENSO [3, [17] [18] [19] . In addition, there is a significant correlation of the northeasterly wind over the IDP represented by PC1s (hereafter, referred to as the northeast (NE) monsoon) with the low latitude EAWM characteristic. It is a possibility that there is another possible climate forcing influencing the variability of wintertime low-level wind over the IDP. This would be the forcing from SST variability in the Pacific Ocean and is interesting for revealing the relationship between NE monsoon and SST in the Pacific Ocean, which has not been completely investigated. The PC1s were employed to construct the correlation maps of these to sea surface temperature anomalies (SSTAs) for investigation, as shown in Figure 6 . The figure shows a negative correlation between PC1s and SSTA in the Indian Ocean, with smaller magnitudes than those in the Pacific Ocean, while the significantly correlated areas in the Pacific Ocean are wider than those in the Indian Ocean. Based on this evidence, it is possible that the SST variability in the Pacific Ocean plays a greater role in the wintertime low-level wind variability over the IDP than that of the Indian Ocean.
Over the tropical central-east Pacific Ocean, there are negative correlations between PC1s and SSTAs. Increasing PC1s values correlated with decreasing SSTAs. This indicates that the cooling (warming) of SST over the tropical central-east Pacific Ocean is relatively in phase with the strengthening (weakening) of northeasterly winds over the IDP. For the west Pacific Ocean, this shows a positive correlation, which differs from the correlation presenting for the tropical central-east Pacific Ocean. The positive correlation shows a V-shape in the horizontal plane pattern, which extends eastward and poleward, indicating that an increase in PC1 values is correlated with high SSTA. This implies that the warming (cooling) of SST over the tropical central-east Pacific Ocean is related to the strengthening (weakening) of northeasterly wind over the IDP. These results are quite consistent with studies [5, 20] and agrees with a previous study [7] that suggests the warm SSTA in the tropical central-eastern Pacific Ocean leading to the weakening of the western Pacific Hadley cell, causing the EAWM to be weakened. On the other hand, the cold SSTA in the central-eastern Pacific Ocean leads to presenting a strong EAWM, with air ascending in the equatorial western Pacific Ocean, resulting from the ENSO [7] .
To confirm the association between PC1s and SSTA in the equatorial Pacific Ocean, the correlation analysis for −11-to +11-month lags was performed. An important activity in the Pacific Ocean, El Niño, has been measured and monitored through SSTA variation [37] . The Niño3.4 index, which is averaged SSTA over 5°S-5°N, 170°-120°W, was used for the analysis. For the importance of the Indian Ocean, the influence of SST anomalies in the tropical Indian Ocean (TIO) is measured by the index (hereafter, referred to as the TIO index) introduced by [8] , which is determined by the average of SSTAs over the TIO area (40°-90°E, 10°S-10°N ). It was used to confirm the association between PC1s and SSTAs in the Indian Ocean. Three-month running means were performed on SSTA to reduce the influence of seasonal means before the analysis, as suggested by a previous study [38] . The result is shown in Figure 7 .
The result shows significant negative correlations of PC1s to Niño3.4 index on previous months and following months, which starts from three months for PC1pri (Figure 7a ) and five months for PC1sec (Figure 7b ) before DJF (0), and both persist for three months later. Thus, the air-sea interaction over the equatorial Pacific Ocean affects the variability of NE monsoon over the IDP represented by PC1s. This result indicates that there is an association between NE monsoon variability and ENSO. The ENSO can trigger the monsoon over the IDP, and its relation persists a few months after the winter. The negative correlations between PC1s and the Niño3.4 index imply that the strengthened NE monsoon is associated with the negative phase of Niño3.4, which is considered as La Niña when the Niño3.4 values exceed −0.5 °C, consecutively, and vice versa for the weakened NE monsoon associated with El Niño.
For the TIO, there is a significant correlation between PC1pri and the TIO index before winter from January to June, but the PC1sec significant correlation is absent, as shown in Figure 7c ,d. The result implies that the variability of SSTA in the TIO correlated to the variation of the NE monsoon over the IDP, due to the wind in the parallel direction to the eigenvector field of the leading mode, rather than that in the perpendicular direction. The relation of PC1s to the TIO index also shows early and less significant influence on the wintertime low-level winds over the IDP, as compared to the SSTA variation in the tropical Pacific Ocean. This agrees with a previous study, that suggested the SST anomalies in TIO are likely to be the factor driving the EAWM [8] , but our result shows little difference in the time period, showing early significant correlation. Although this is different, it is interesting to study further, including the direct and indirect influences or the modulation of SST anomalies in TIO with ENSO. For the next analysis, we only focus on ENSO during the boreal winter. To investigate the mechanism related to the influence of ENSO, regression analysis was applied [26] . The PC1s-res, which represent the variability of northeasterly wind over the IDP without the influence of the thermal contrast in the temperate region, were analyzed to separate them into the ENSO-related part (PC1s-res-EN) and the ENSO-unrelated part (PC1s-res-uEN) by the regression technique, as described in a previous study [26] . The contributions of ENSO to PC1pri-res and PC1sec-res are 17% and 25% of their total variances, respectively, whereas the contributions of the ENSO unrelated part are 83% and 75% for PC1pri-res and PC1sec-res, respectively. The ENSO-related patterns show the positive anomalous SLP over the temperate mainland and the north Eastern Pacific Ocean (Figure 8a,c) . They also present the anomalous low pressure in the west Pacific Ocean with the cyclonic circulation around the maritime continent. These indicate that the variability of northeasterly wind over the IDP is influenced by wind blowing from the mid-latitude to the IDP, which is induced by the cyclonic circulation. These reveal the role of ENSO. On the other hand, the ENSO-unrelated part of PC1pri-res (Figure 8b ) presents wider positive anomalous SLP over the eastern Pacific Ocean, which implies the high pressure over this area influencing the wind variability over the IDP in a parallel direction to the directions of wind vectors given by the eigenvector. For the PC1sec-res, which is related to the variation of winds in the perpendicular direction, the pattern (Figure 8d) shows two poles of the positive anomalous SLP over the areas around Siberia and the Gulf of Alaska without the obvious SLP forcing in the tropical area. These indicate that the two poles in the mid-latitude influence the variability of northeasterly wind over the IDP without the ENSO forcing by driving winds in the high latitude to the tropical region. Therefore, the variability of northeasterly wind over the IDP is influenced by the modulation of the tropical and temperate forcing, which are the ENSO and the SLP forcing in the mid-latitude. Nevertheless, a previous study [39] reports that the relationship between the ENSO and the EAWM is not stationary, and the ENSO exerts influence on the EAWM through the Pacific-East Asian teleconnection (an anomalous anticyclonic circulation around the western North Pacific to the east of The Philippines). The influence of ENSO on EAWM has been weak since 1976 [39] , but we observed the association with ENSO. This can be explained by the meridional winds, which are always significant, and the winds associated with the anticyclone (see Figure 3 in [39] ). Hence, the non-stationary ENSO-EAWM relationship does not influence the IDP region.
For the next analysis, it is important to present evidence of the NE monsoon impact on precipitation, because there is the association between PC1s and ENSO, the linkages between rainfall and ENSO [36, [40] [41] [42] and the linkage between ENSO with EAWM [7] . The monthly gridded dataset of precipitation from the University of Delaware (UDel) [28] from the National Oceanic and Atmospheric Administration/Office of Oceanic and Atmospheric Research/Earth System Research Laboratory (NOAA/OAR/ESRL) was used for the analysis.
The spatial distribution of climatic precipitation covering a period 1979-2010 during the boreal winter shows more precipitation on the southern part of IDP, along the coastline area of Vietnam, and some parts of Guangxi and Guangdong of China, than the mainland of IDP, which includes Myanmar, the upper part of Thailand, Laos and Cambodia, except some parts of Arunachal Pradesh of Northeast India and the northern part of Myanmar (Figure 9a ). The possible impact of the NE monsoon on precipitation over the IDP is revealed by regression analysis of precipitation on PC1s. These results agree with the blowing pathway of the wind connected with the EAWM. It passes the South China Sea, penetrating into the IDP, which carries moisture from the SCS and the Gulf of Thailand to the eastern coast area and the southern area of the IDP, respectively. On the other hand, the negative presence over areas around Guangxi and Guangdong of China and the northern part of Vietnam, significantly, indicates the positive phase of the northeasterly wind, resulting in wind blowing more southward, carrying a dry air mass, causing less precipitation over these areas (Figure 9b,c) . According to a previous study [20] , these results ( Figures 6 and 9 ) are like those reported in [20] , which indicate that the impact on precipitation over the IDP was influenced by the conventional ENSO. Therefore, there is a possibility to indicate possible impacts on precipitation in the IDP by the PC1 indices, utilizing the relationship among the PC1, EAWM and ENSO indices.
Conclusions
Over the IDP, we revealed spatio-temporal wintertime wind variability and have identified the principal mode of the wind at 850 hPa by using the EOF analysis for complex numbers. The spatial patterns given by the regression of wind on the leading PC and the patterns given by the composite analysis show prominent northeasterly wind over the IDP, known as the NE monsoon, which agree with the characteristic of the EAWM and its influence on the tropical region. Namely, these results are consistent with the circulation characteristic of EAWM, exhibiting wind blowing along the coast of East Asia and the influence of the Borneo vortex. Thus, the first mode of wintertime wind variability over the IDP is affected by the EAWM via wind blowing that passes through the SCS to the IDP.
We further presented the possible connection of wintertime low-level wind variability over the IDP to the EAWM on the basis of the correlations between the PC1 and EAWM indices. The PC1 shows good correlations with the EAWM indices, characterized by lower latitude wind than others. The comparison of correlations between the PC1 and EAWM indices indicates that the I Lu index is a suitable EAWM index to reveal the variability of the winter monsoon over the IDP.
Hence, the relation of PC1s to EAWM indices is not fully correlated. The correlation analyses focusing on SSTA show that there is a more significant correlation between PC1s and SSTA in the Pacific Ocean than in the Indian Ocean, quite similar to the ENSO pattern. Thus, another possible forcing influencing the NE monsoon variability over the IDP is mainly related to SSTA in the Pacific Ocean. The ENSO represented by the Niño3.4 index was used to reveal its association with the NE monsoon variability over the IDP. The results show that the variability is influenced by wind blowing from the mid-latitude to the IDP, which is induced by the cyclonic circulation related to the ENSO-related part of PC1s. Although the relationship between the ENSO and the EAWM is not stationary, the meridional wind is important [39] . Therefore, the non-stationary ENSO-EAWM relationship does not influence the IDP region, and the wintertime low-level wind variability over the IDP is influenced by the modulation of the tropical and temperate forcing.
Furthermore, the result of the analysis showed the strengthening (weakening) of the NE monsoon, causing more (less) precipitation over the central coast of Vietnam to the Mekong Delta, the southern part of Cambodia and the southern tip of the IDP. It is an interesting challenge to understand more about the winter monsoon over the IDP associated with ENSO by a modeling study and utilizing the Niño3.4 index to develop a forecast system of monsoons and their impacts. Furthermore, it is required to obtain a better understanding, particularly in terms of the non-linear relationship between another forcing, such as the Indian Ocean Dipole, and the winter monsoon over the IDP.
